Protein phosphorylation is an important posttranslational modification in eukaryotic cells that regulates many cellular processes. Recent technical and conceptual advances in phosphopeptide enrichment strategies and the improvement of mass spectrometric analysis instruments have facilitated the large-scale comprehensive analysis of protein phosphorylation (for review, see Preisinger et al., 2008; Baginsky, 2009) . Phosphopeptides are usually enriched by affinity chromatography prior to mass spectrometric analysis in order to minimize ion suppression effects from nonphosphorylated peptides (Salih, 2005) . Common phosphopeptide enrichment strategies use immobilized metal affinity (IMAC) or titanium dioxide (TiO 2 ) affinity chromatography. Both methods deliver largely complementary peptide identifications, suggesting that a combination of different methods is necessary to achieve comprehensive phosphoproteome coverage . Examples of plant phosphoproteome analyses include the plasma membrane of cultured Arabidopsis (Arabidopsis thaliana) cells and the leaf (Nuhse et al., 2004 (Nuhse et al., , 2007 de la Fuente van Bentem et al., 2006; Benschop et al., 2007) . The most comprehensive phosphopeptide profiling from cultured Arabidopsis cells revealed 2,597 phosphopeptides from 1,346 phosphoproteins (Sugiyama et al., 2008) . All phosphoproteome data are available in the PhosphAT database (http://phosphat.mpimp-golm.
mpg.de/).
Current plant phosphoproteome data show that protein phosphorylation occurs in all subcellular compartments. The nucleus accounts for more than 40% of all detected phosphoproteins in some data sets (de la Fuente van Bentem et al., 2006; Sugiyama et al., 2008) . Gene Ontology (GO) classification of phosphoproteins revealed an overrepresentation of proteins involved in signaling, such as DNA-and RNA-binding proteins as well as protein kinases (de la Fuente van Bentem et al., 2006; Sugiyama et al., 2008) . This was expected and highlights the importance of regulatory phosphorylations in the control of cellular signaling. Although typical mammalian-type Tyr kinases have not been found in plants, Sugiyama et al. (2008) reported 4% of all identified phosphorylation events on Tyr. Interestingly, this level of Tyr phosphorylation is close to that expected for human cells (between 1.8% and 6%), suggesting that Tyr signaling may be similarly important in plants.
In vivo phosphorylation sites provide important information about the activity of protein kinases in their cellular context. Specific phosphorylation motifs reflect preferences of protein kinases for a certain amino acid context of the phosphorylation site. This has allowed the development of software tools for phosphorylation site prediction (for review, see Blom et al., 2004) . Using phosphoproteomics, it is now possible to infer in vivo kinase activities from phosphorylation motifs. Motif-X (motif extractor) extracts significantly enriched kinase motifs from large-scale phosphoproteomics data (Schwartz and Gygi, 2005) , thereby providing information about kinase/substrate relationships. Linding et al. (2007) systematically used phosphorylation motif occurrence for the construction of in vivo phosphorylation networks in human cells. A prediction of kinase/substrate relationships based exclusively on phosphorylation motifs resulted in accuracies of 19% to 34% for a benchmark kinase network. However, when context information such as proteinprotein interaction and colocalization of kinase and a putative substrate was added to the prediction, the accuracy increased to 47% to 81%. Thus, phosphoproteome information is useful for the assembly of in vivo phosphorylation networks, provided that context information is available to constrain the number of possible kinase/substrate associations.
We performed a large-scale phosphoproteome analysis of Arabidopsis shoots, from which we assembled the chloroplast phosphoproteome. To provide insights into the dynamics of chloroplast protein phosphorylation during the circadian cycle, we also analyzed shoot phosphoproteomes at the end of day and end of night. Although much is known about the role of phosphorylation in the regulation of photosynthesis and chloroplast gene expression (for review, see, Link, 2003; Bollenbach et al., 2004; Rochaix, 2007) , no comprehensive information is currently available for the chloroplast phosphoproteome. A small number of chloroplast protein kinases and their substrates have been identified. For example, the thylakoid-associated kinases STN7 and STN8 phosphorylate light-harvesting complex subunits as well as photosystem core subunits (for review, see Rochaix, 2007; Eberhard et al., 2008) . Additionally, a casein kinase II (CKII)-like enzyme has been reported to phosphorylate proteins involved in transcription and posttranscriptional regulation (for review, see Link, 2003; Bollenbach et al., 2004) and the ATP synthase b-subunit (ATPB) of chloroplast ATP synthase (Kanekatsu et al., 1998) .
The comprehensive phosphoproteome analysis reported here provides new insights into chloroplast phosphorylation networks and phosphoproteins required for different chloroplast functions. Phosphorylation motif analysis allowed us to establish kinase/ substrate relationships and to obtain insights into the extent of different chloroplast kinase activities. Our data suggest considerable cross talk between kinases and integration of different chloroplast functions by individual kinases or kinase families.
RESULTS AND DISCUSSION

The Arabidopsis Phosphoproteome
We analyzed the phosphoproteome of Arabidopsis shoots and rosette leaves using IMAC and TiO 2 phosphopeptide enrichment strategies in combination with high-accuracy mass spectrometric phosphopeptide detection in an LTQ-Orbitrap mass spectrometer (Fig. 1A) . The resulting data files were analyzed using the MASCOT and INSPECT search algorithms (Tanner et al., 2005; Payne et al., 2008; www.matrixscience. com) . We identified 1,429 phosphoproteins and 3,029 unique phosphopeptides at a false discovery rate of 0.44% for MASCOT and 0.12% for INSPECT searches and established the exact sites of phosphorylation in 2,349 peptides (Table I; Supplemental Tables S1-S3) . Details of peptide assignment, together with the original spectra, are publicly available in the PRIDE database (www.ebi.ac.uk/pride/prideMart.do; Jones et al., 2008) . Our data set is comparable in size to the phosphoproteome data set reported recently by Sugiyama et al. (2008) . We found 88% of all phosphorylation events on Ser and 11% on Thr (Fig. 1B) , which is comparable to the distribution reported by Sugiyama et al. (2008) . In contrast, we observed Tyr phosphorylation in only 0.3% of the peptides, which is significantly lower than previously reported (Sugiyama et al., 2008) . The discrepancy in the rate of Tyr phosphorylation can be explained by the fact that we used differentiated photosynthetic plant tissues for our analysis, while Sugiyama et al. (2008) used cultured Arabidopsis cells. It is conceivable that the rate of Tyr phosphorylation in cultured cells does not reflect the situation found in differentiated tissues. Furthermore, some of the putative Tyr phosphorylation sites reported by Sugiyama et al. (2008) may need to be reconsidered (de la Fuente van Bentem and Hirt, 2009) .
We compared the phosphoprotein detection in the two data sets and found an overlap of 600 proteins that were identified in both studies, whereas 743 were exclusively detected by Sugiyama et al. (2008) and 829 were exclusively detected in our phosphoproteome analysis. Information about the identified proteins in the two different data sets is provided in Supplemental  Table S4 . In order to characterize the differences in protein phosphorylation in the different biological materials, we performed a topGO analysis to identify overrepresented functional classes of proteins. Assignment of the phosphopeptides in our data set to functional GO categories using topGO showed a strong overrepresentation of proteins in the cellular component categories Chloroplast thylakoid membrane, Plastoglobule, and Light-harvesting complex (Fig.  1B) . Interestingly, the data set reported by Sugiyama et al. (2008) was enriched in nuclear and plasma membrane proteins. Also, topGO analysis of our data set revealed a significant enrichment of proteins involved in the molecular functions RNA metabolism, Intracellular trafficking, and Protein phosphorylation (Supplemental Table S5 ), supporting previous data that phosphopeptide enrichment is effective to detect low-abundance proteins involved in signaling (for review, see Preisinger et al., 2008) .
Defining the Chloroplast Phosphoproteome
For the characterization of the plastid phosphoproteome, we decided to build a chloroplast proteome reference table instead of using targeted chloroplast proteomics for two reasons. First, it is well established that high phosphoproteome coverage depends on a significant amount of starting material, which is easier to obtain from intact cells (for review, see Kersten et al., 2006) . Second, phosphoproteins are unstable during tissue extraction and protein isolation (Espina et al., 2008) ; therefore, rapid fractionation protocols increase phosphoprotein coverage and reproducibility. This is particularly important for a thorough analysis of phosphoproteome dynamics. Using a combination of protein-targeting prediction, organelle proteomics data, and complementary protein-targeting information available in the SUBA database (http://www. plantenergy.uwa.edu.au/suba2/; Heazlewood et al., 2007) , we assembled a list of 1,619 high-confidence chloroplast proteins (Supplemental Table S6 ), of which 894 were identified in the flow-through fraction of the affinity chromatography and 174 were found to be phosphorylated in our study (Table I; Supplemental  Tables S1 and S7 ). The assignment as chloroplast protein was based on at least one of four criteria. First, the proteins were detected in at least two different chloroplast proteomics studies; second, they were targeted to plastids as a GFP fusion protein; third, they were detected in at least one plastid proteome analysis and predicted to be localized to plastids by at least one prediction software tool; fourth, they were predicted to localize to plastids by at least three different prediction software tools. Based on these criteria, we identified 143 chloroplast phosphoproteins that were not present in the data set of Sugiyama et al. (2008) . On the other hand, we did not detect 44 proteins that were reported by Sugiyama et al. (2008) . This difference and the small overlap of 31 proteins that were found phosphorylated in both studies show that protein phosphorylation in plastids from cultured cells is considerably different from that of chloroplasts in photosynthetic tissues.
Altogether, we identified 353 phosphopeptides in 174 putative chloroplast proteins (Table I; Supplemental Table S1 ). Seventy-two percent of all detected phosphorylation events occurred at Ser, and 27% occurred at Thr. Tyrosine phosphorylation was suggested in the case of four peptides (1%), but the two search algorithms delivered contradictory results (Supplemental Table S2 ). INSPECT supports Tyr phosphorylation but MASCOT does not, suggesting that the Tyr phosphorylation site is questionable. INSPECT was trained on LTQ data and searches the tandem mass spectrometry (MS/MS) spectrum for sequence tags and the characteristic neutral loss of phosphoric acid (298 atomic mass units [amu] ) from the parent ion (Payne et al., 2008) . Because phosphotyrosine is more stable than phosphoserine or phosphothreonine, the neutral loss does not readily occur, therefore causing problems for the assignment of Tyr phosphorylation. In order to characterize the phosphorylation of the four peptides in more detail, we subjected all spectra to de novo sequencing using PepNovo (Frank et al., 2007) . None of the de novo sequencing results supports Tyr phosphorylation, and the MS/MS spectrum quality was not sufficiently high to support an unambiguous sequence assignment (Supplemental Spectra S1). This finding was supported by manual data interpretation. Thus, our phosphoproteome data set does not provide unambiguous evidence for Tyr phosphorylation in chloroplasts. Further experiments are necessary to validate or disprove the existence of phosphotyrosine in plastids.
Functionality of Chloroplast Protein Phosphorylation
Chloroplasts are photosynthetically active and therefore a source of reactive oxygen generated by water oxidation. To avoid damage caused by reactive oxygen, plants have evolved posttranslational signal transduction and control mechanisms that facilitate the rapid adaptation of chloroplast functions to prevailing light conditions. Therefore, we were interested to understand the regulatory chloroplast phosphorylation network in more detail. We found phosphorylated chloroplast proteins that have different functions (Table I ). The largest groups of phosphorylated proteins are involved in chloroplast gene expression and photosynthesis. It has been proposed that phosphorylation of chloroplast RNA polymerase decreases the rate of transcription elongation (Tiller and Link, 1993; Link, 2003) . We found that the transcriptionally active chromosome (TAC) subunits TAC16, TAC10, and TAC5 were phosphorylated. The phosphorylation of RNA-binding proteins has been implicated in the stabilization of plastid mRNAs (Baginsky and Gruissem, 2002; LozaTavera et al., 2006) . We identified RNP29 and RNP33 as chloroplast phosphoproteins. According to a mechanistic model of plastid mRNA stability (for review, see Bollenbach et al., 2004) , phosphorylation of the two proteins increases their affinity for RNA. We suggest that this results in stable RNP/RNA complexes, which protect the mRNA from endonucleolytic cleavages and allow translation of more protein from an individual mRNA molecule. Our view is consistent with the light-dependent rapid phosphorylation of RNP29 and RNP33 during the early phase of deetiolation, when the massive reorganization of the plastid proteome to support photosynthesis requires higher translation efficiencies (Kleffmann et al., 2007) .
Proteins involved in photosynthesis constitute another large group of phosphorylated proteins. We confirmed the known phosphorylation of abundant light-harvesting and photosystem subunit proteins. Light-harvesting complex (LHC) and photosystem core subunit phosphorylation occurs predominantly, but not exclusively, on Thr. We detected Ser phosphorylation in chlorophyll-binding proteins 2/3 and LHC subunits (Table I ). In addition, we found the thylakoidassociated kinase STN7 to be an abundant thylakoid phosphoprotein, which has not been reported previously. STN7 catalyzes the redox-dependent phosphorylation of LHCII subunits to regulate photosynthetic state transitions (Bellafiore et al., 2005) . We identified four phosphorylation sites in the C-terminal region of STN7. Interestingly, the phosphorylated C terminus of the protein is not conserved between Chlamydomonas and Arabidopsis (Rochaix, 2007) . This suggests that the C-terminal phosphorylation of STN7 controls responses that are specific for higher plants (e.g. longterm adaptation to environmental conditions that are not relevant for Chlamydomonas). In addition to regulatory phosphorylations of photosynthetic proteins, we identified nine phosphorylated proteins that function in chloroplast energy and carbohydrate metabolism, including phosphorylation of the chloroplast ATPB (Table I) . ADP-Glc pyrophosphorylase is a highly regulated enzyme that controls starch accumulation in photosynthetic tissues (for review, see Geigenberger et al., 2005) . The single phosphorylation site we detected in ADP-Glc pyrophosphorylase suggests that in addition to other regulatory mechanisms, starch synthesis is controlled by the phosphorylation status of the enzyme.
Chloroplast Phosphoproteome Dynamics
The interaction between starch, carbohydrate, and energy metabolism is specifically affected by the activity of the photosynthetic electron transport and thus by the availability of light. In order to understand the role of phosphorylation in the control of these complex interactions, we next analyzed whether the phosphorylation status of chloroplast proteins changes during a light/dark cycle. To determine chloroplast phosphoproteome dynamics, we extracted phosphopeptides at end-of-day (1 h before the light was turned off) and end-of-night (1 h before the light was turned on) time points and analyzed the phosphoproteome in three biological replicates. Sequence alignment of the identified phosphorylation sites showed only minor differences and did not reveal a significant preference in phosphorylation site and phosphorylation motif utilization, as indicated by Motif-X analysis (data not shown). This suggests that end-of-day and end-ofnight chloroplast protein phosphorylations are largely similar. Consistent with this conclusion, we found that phosphorylation of most chloroplast proteins was independent of light at these time points ( Fig. 2 ; Supplemental Table S8 ).
LHC proteins LHCA4 and LHCB6 and chlorophyll a/b binding protein 3 were found phosphorylated Figure 2 . Identification of phosphoproteins at the end of day and end of night. Reproducibility score for end-of-day (ED)/end-of-night (EN) phosphorylations. Each end-of-day phosphorylation event was scored as +1, and each end-of-night phosphorylation event was scored as 21. All individual scores for three biological replicates were added to result in the final score plotted on the y axis. Only ATPB received the highest possible end-of-night score of 23, since it was found phosphorylated exclusively at the end of night in all biological replicates.
exclusively at the end of day, supporting their lightdependent phosphorylation by kinases associated with the thylakoid membranes (Supplemental Table  S8 ). In contrast, phosphorylation of carbohydrate metabolism enzymes was not altered with the exception of starch synthase, which was found phosphorylated exclusively at the end of the dark period. Interestingly, ATPB was also found exclusively phosphorylated at the end of night ( Fig. 2 ; Supplemental Table S8 ), confirming earlier suggestions that ATP synthase activity is controlled by phosphorylation (Kanekatsu et al., 1998; Bunney et al., 2001 ). The phosphorylation of ATPB is the only phosphorylation event that is reproducibly detected in three biological replicates only at the end of night and not at the end of day. Quantitative analyses suggested that ATPB phosphorylation occurs preferentially, but not exclusively, at the end of night (Fig. 3, A and B) . The ATPB phosphopeptide precursor ion at 748.3438 amu is also detected in end-of-day samples, but at consistently lower intensity compared with the end-of-night samples. This is supported by the relative quantification results from SuperHirn, a software tool that quantifies peptides by their extracted ion chromatograms after aligning the liquid chromatography-mass spectrometry (LC-MS) runs . The quantification results are presented in Supplemental  Table S9 . The comparison with nonplastid reference phosphopeptides that are not affected by the light/ dark treatment supports the lower relative intensity of the ATPB precursor ion in end-of-day samples (Fig. 3B) . Normalized spectral count quantification (Mueller et al., 2008) of the unphosphorylated ATPB protein in the flow-through fraction after affinity chromatography showed that the lower ATPB precursor intensity is a consequence of an altered ATPB phosphorylation state and is not due to fluctuations in ATPB concentration. The latter remains largely constant during a day/night cycle ( Fig. 3C ; Supplemental Table S10 ).
The Chloroplast Phosphoproteome Is Controlled by Different Protein Kinases
Confirmed phosphorylation sites are footprints of kinase activities. Although several chloroplast protein kinases have been identified, their substrate spectrum and functional interactions are mostly unknown (Schliebner et al., 2008) . Therefore, we analyzed our phosphopeptide data set for putative phosphorylation motifs using Motif-X. Motif-X is a software tool that extracts overrepresented patterns from any sequence data set by comparison with a dynamic statistical background (Schwartz and Gygi, 2005) . We expect that phosphorylation motifs reveal information about kinase activities and provide new insights into the chloroplast phosphorylation network. Contextual information for colocalization of kinase and substrate in the chloroplast that we have available from our data will further increase confidence in phosphorylation network assembly (Linding et al., 2007) .
Known chloroplast protein kinases include CKII, two enzymes that resemble second messenger-dependent kinases, and thylakoid membrane-associated Ser/Thr kinases that cannot be classified into a single kinase family (Leister and Kleine, 2008; Schliebner et al., 2008) . Recently, a chloroplast sensor kinase (CSK) was reported that has homology to bacterial twocomponent regulators (Puthiyaveetil et al., 2008) . Except for CSK, all of the previously characterized chloroplast kinases are Ser/Thr kinases. CSK autophosphorylation is resistant to acid and alkali treatment, which was considered indirect evidence for Tyr phosphorylation. As described above, Tyr phosphorylation in plastids remains uncertain, and further End-of-day (ED) and end-of-night (EN) samples are subjected to affinity chromatography on IMAC or TiO 2 as described in "Materials and Methods." B, Phosphopeptides are eluted from the affinity column and identified by mass spectrometry. The relative quantification of phosphopeptides in the different samples is based on their extracted ion chromatograms (XIC), and the ATPB phosphopeptide is presented in comparison with two reference peptides (532.215 amu, AT1G68060-MAP70 and 724.837 amu, AT4G15930-dynein light chain). Quantification was also based on SuperHirn , which supported the consistently higher abundance of the ATPB phosphopeptide in all end-ofnight samples (Supplemental Table S4 ). C, The unphosphorylated peptides are collected in the flow-through fraction and used for the quantification of proteins by their unphosphorylated peptides via normalized spectral counting (nSpC) in three biological samples.
experiments are necessary to confirm CSK autophosphorylation at Tyr.
Motif-X extracted four significantly enriched phosphorylation motifs from all identified chloroplast phosphopeptides (Fig. 4) . A striking enrichment of phosphorylation sites was detected in plastid ribosomal proteins proximal to their C termini ( Fig. 4 ; Table  I ). The C-terminal motifs yielded the highest enrichment scores and might represent accessible Ser residues in ribosomal proteins assembled in the ribosome. Villen et al. (2007) previously observed phosphorylation at the C terminus of proteins in mouse and proposed that the occurrence of this motif may indicate kinase preference for acidic substrates, because the C terminus is in close proximity to the phosphorylation site. The other enriched motifs resemble known motifs from Pro-directed kinases and CKII. The Ser/Pro phosphorylation motif was originally described for substrates of mitogen-activated protein kinase and cyclin-dependent kinases (Adams, 2001 ), but other kinases phosphorylating this motif have been identified (for review, see Adams, 2001 ). We found several enzymes in plastid metabolism to be phosphorylated at this motif (e.g. phosphoglucose isomerase, nucleoside diphosphate kinase 2,2-isopropylmalate synthase, and transketolase), but the kinase that catalyzes phosphorylation at these sites remains elusive.
More functional information is available for CKII, which appears to be a major chloroplast kinase, because the alignment of all identified chloroplast phosphorylation sites is dominated by acidic residues characteristic for CKII substrate recognition (Fig. 4) . CKII substrate preference for acidic amino acids around the Ser phosphorylation site was attributed to basic amino acids and His in the catalytic domain, which distinguish CKII from other kinases (Pinna, 1990) . Biochemical characterization as well as mass spectrometric identification confirmed AT2G23070 as the only plastid CKII-like enzyme (Ogrzewalla et al., 2002; Salinas et al., 2006) . The enzyme is involved in the regulation of chloroplast gene expression, and a number of its protein substrates involved in transcription and mRNA stability were reported previously (for review, see Link, 2003; Bollenbach et al., 2004; LopezJuez and Pyke, 2005) . We identified several additional proteins involved in transcriptional and posttranscriptional regulation as potential CKII substrates, including TAC5, TAC10, and TAC16, as well as two RNA-binding proteins (Table I ). Our analysis, therefore, significantly expands the current view of CKII-mediated phosphorylation control of plastid gene expression (Lisitsky and Schuster, 1995; Baginsky et al., 1997; Kanekatsu et al., 1998) . CKII substrates are not restricted to gene expression, however, because metabolic enzymes such as carbonic anhydrase and ATP synthase are Figure 4 . Sequence alignment of phosphorylation sites and extraction of significantly enriched phosphorylation motifs. A, Amino acid sequence around the phosphorylated amino acid based on alignment of all phosphorylation sites established in the entire chloroplast data set. B, Motif-X-extracted motifs from the entire phosphopeptide data set. The TAIR8 protein database was used as the background database to normalize the score against a random distribution of amino acids. Note that only those phosphorylated amino acids that were confidently identified as the exact site of phosphorylation were used for the analysis (see "Materials and Methods" for a description). Motifs 1 and 2, Unknown phosphorylation motifs (n = 3 + 3); motif 3, Pro-directed kinase motif (n = 21); motif 4, CKII motif (n = 10). Figure 5 . A phosphorylation network for chloroplast CKII. The network was assembled using NetPhosK motif analysis (Blom et al., 2004) . The width of the arrows indicates the extent of additional evidence for CKII phosphorylation. Thick arrows are used in cases where phosphorylation has been biochemically characterized in vitro and inhibitor studies support CKII activity. Thin arrows indicate kinase/substrate relationships that are exclusively inferred from motif prediction. The motif score calculated by NetPhosK was assigned to the arrows. In all cases, the CKII motif received the highest score among all eukaryotic kinases that are considered by the NetPhosK algorithm (Blom et al., 2004) . also phosphorylated at CKII-type phosphorylation motifs (Fig. 5) . This suggests that cross talk exists between chloroplast gene expression and metabolism, which is controlled by CKII. Furthermore, we identified one CKII phosphorylation site in STN7, suggesting that CKII may integrate regulatory phosphorylation cascades through phosphorylation of other kinases (Fig. 5) .
Our data also provide evidence that ATPB is preferentially phosphorylated at CKII sites in vivo at the end of night (Table I; Fig. 2 ; Supplemental Tables S9 and S10). ATPB was established as a substrate for CKII in vitro (Kanekatsu et al., 1998) , but it remained unclear whether such a phosphorylation could also occur in vivo. Although it was recently shown that ATPB is a phosphoprotein in vivo, the exact phosphorylation sites remained unknown (del Riego et al., 2006) . Chloroplast ATP synthase switches its catalytic activity from ATP synthesis to ATP hydrolysis when the electrochemical gradient across the membrane collapses in the dark. In order to save ATP in the dark or during the night, ATP synthase becomes inactivated. It has been suggested that 14-3-3 proteins are involved in the inactivation of ATP synthase by phosphorylation-dependent interaction with the b-subunit (Bunney et al., 2001) . In its phosphorylated form, ATPB can interact with 14-3-3 proteins, thereby preventing the rotation and catalytic action of the ATP synthase complex. Based on our findings and published results, we propose that CKII preferentially catalyzes ATPB phosphorylation in the dark. This scenario explains why ATP synthase activity is rapidly shut off in intact chloroplasts in the dark, whereas isolated thylakoid membranes retain ATP synthase activity for several hours, even in dark conditions (for review, see Richter et al., 2005) .
CONCLUSION
Our analysis provides comprehensive information about the phosphoproteome of photosynthetically active Arabidopsis chloroplasts. A comparison with large-scale data obtained from heterotrophic Arabidopsis cell cultures revealed significant differences and suggests that a functional analysis of chloroplast protein phosphorylation must be performed with differentiated and functionally specialized plant tissues. Our data, therefore, provide new insights into the complexity of the chloroplast phosphoproteome and establish the basis for targeted phosphoproteomics, which will allow the full characterization of kinase/substrate relationships and phosphoproteome dynamics in response to diverse environmental signals. Further experiments are now required to unravel the substrate spectrum of the different chloroplast protein kinases and their phosphorylation network. A promising way forward is the comprehensive characterization of the chloroplast phosphoproteome from different kinase mutants with specialized targeted quantitative proteomics tools.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana ecotype Columbia-0) seedlings were grown under short-day conditions in a controlled-environment chamber (8 h of light/16 h of dark, 100 mE m 22 s 21 ). Whole shoots were harvested after 22 d (light). For the comparative study of phosphorylation at the end of night and end of day, seedlings were grown under 12-h-light/12-h-dark conditions (100 mE m 22 s 21 ) and harvested after 25 d. Rosette leaves were harvested 1 h before the light was turned off for the end-of-day sample and 1 h before the light was turned on for the end-of-night sample. The end-of-night samples were harvested under green light. All plant material was immediately frozen in liquid nitrogen and stored at 280°C until further analyses.
Protein Extraction
Protein extraction was done in two steps. First, soluble proteins were extracted from frozen and ground plant material by adding 40 mM Tris-HCl, pH 8, 5 mM MgCl, 1 mM dithiothreitol (DTT), and inhibitor cocktail for proteases (EDTA free; Roche) and phosphatases (phosSTOP; Roche). Second, 40 mM Tris, 4% SDS, and 40 mM DTT were added to extract membraneassociated and integral membrane proteins. Soluble proteins were precipitated by adding 5 volumes of ice-cold 80% acetone and 3 h of incubation at 220°C, whereas in the end-of-day and end-of-night samples, 10% TCA in acetone was used. Membrane proteins were precipitated by methanol/ chloroform (Wessel and Flugge, 1984) . Finally, both protein pellets were resolved separately in a small volume of resuspension buffer (20 mM Tris-HCl, pH 8.3, 3 mM EDTA, and 8 M urea). For tryptic digestion, the protein solution was diluted to 1 M urea by adding 20 mM Tris-HCl, pH 8.3, and 3 mM EDTA.
In-Solution Tryptic Protein Digest
Before tryptic digest, Cys residues were reduced with 10 mM DTT for 45 min at 50°C and alkylated with 50 mM iodoacetamide for 1 h at room temperature in the dark. Trypsin (Promega; sequencing grade) was added at a ratio of 1:20 and incubated overnight at 37°C.
Fractionation of Peptides by Strong Cation-Exchange Chromatography
Peptides were desalted using Sep-Pak reverse-phase cartridges (Waters), dissolved in buffer A (10 mM KH 2 PO 4 , pH 2.6, in 25% acetonitrile [ACN]), and loaded onto a 4.6-3 200-mm polySULFOETHYL aspartamide A column (PolyLC) on an Agilent HP1100 binary HPLC system. Peptides were eluted with an increasing KCl gradient (10-40 min, 0%-30% buffer B; 40-60 min, 30%-100% buffer B; buffer B consisted of 10 mM KH 2 PO 4 , pH 2.6, and 350 mM KCl in 25% ACN). The eluate was fractionated into four fractions and desalted with Sep-Pak reverse-phase cartridges (Waters).
IMAC
Chelating Sepharose Fast Flow beads (GE Healthcare) were charged four times with 0.1 M FeCl 3 freshly prepared solution and washed four times with washing buffer (74:25:1 water:ACN:acetic acid). Desalted peptides were acidified with 0.1% trifluoroacetic acid (TFA) in 25% ACN, applied to 40 mL of 25% bead slurry, and incubated for 30 min at room temperature. Samples were washed five times with washing buffer and once with water. Phosphopeptides were eluted by adding 30 mL of 100 mM sodium phosphate buffer, pH 8.9. The pH of all samples was adjusted to 3 by adding drops of 10% TFA followed by desalting and concentrating samples using ZipTips (mC18; Millipore).
TiO 2 Affinity Chromatography
Phosphopeptides were enriched using TiO 2 affinity chromatography as described by Bodenmiller et al. (2007) with minor modifications. Peptides were desalted and dissolved in phthalic acid solution (80% ACN, 2.5% TFA, and 0.13 M phthalic acid). The peptide mixture was incubated with 0.3 mg of TiO 2 (GL Science) for 30 min in closed Mobicol spin columns. After washing twice with phthalic acid solution, twice with 80% ACN and 0.1% TFA, once with 0.1% TFA, and finally again once with 80% ACN and 0.1% TFA, peptides were eluted with 0.3 M NH 4 OH and dried in a SpeedVac. Before mass spectrometric analysis, samples were desalted using ZipTips (mC18; Millipore).
Analysis by LC-Electrospray Ionization-MS/MS
Dried peptides were resuspended in 5% ACN and 0.1% formic acid and analyzed on a LTQ-Orbitrap mass spectrometer (ThermoFischer Scientific) interfaced with a nanoelectrospray ion source. Peptides were separated using an Eksigent nano LC system (Eksigent Technologies), equipped with an 11-cm fused silica emitter (75 mm i.d.; BGB Analytik), packed in-house with a Magic C18 AQ 3-mm resin (Michrom BioResources). Peptides were loaded from a cooled (10°C) Spark Holland autosampler and separated using an ACN/ water solvent system containing 0.1% formic acid with a flow rate of 200 nL min 21 . Peptide mixtures were separated by gradient elution from 3% to 35% ACN in 90 min. Up to five data-dependent MS/MS spectra were acquired in the linear ion trap for each Fourier transform (FT)-MS spectral acquisition range, the latter acquired at 60,000 FWHM nominal resolution settings with an overall cycle time of approximately 1 s. Dynamic exclusion was switched on, ensuring that up to 500 mass-to-charge ratios (m/z) 6 20 ppm values were excluded from MS/MS for 120 s. For injection control, the automatic gain control was set to 5e 5 for full FT-MS and to 1e 4 for linear ion trap MS/MS. The instrument was calibrated externally according to the manufacturer's instructions. The samples were acquired using internal lock mass calibration on m/z 429.088735 and 445.120025.
Data Analysis and MS/MS Spectra Interpretation
MS and MS/MS data were searched against the Arabidopsis database containing common contaminants such as keratin using MASCOT 2.1.04 (Matrix Science) und INSPECT version 14.10.2008 (Payne et al., 2008 . Beside carbamylation of Cys residues as a fixed modification, oxidation of Met and phosphorylation of Ser, Thr, and Tyr were included as variable modifications. With MASCOT, database searches were restricted to tryptic peptides, missing maximal two cleavage sites and protein C-and N-terminal peptides, allowing for 2+ and 3+ charged peptides a parent mass error tolerance of 5 ppm and a daughter ion error tolerance of 0.6 D. Identifications were accepted with a MASCOT ion score of 30 or greater and a MASCOT expect value of less than 0.015 (Munton et al., 2007) . A normalized delta ion score (DI) was calculated for phosphopeptides for which the only difference between the rank 1 and rank 2 hits was the phosphorylation position. DI was calculated by taking the difference of the two top ranking ion scores and dividing that difference by the ion score of the first ranking phosphopeptide. Phosphorylation site assignments with DI $ 0.4 were accepted (Elias et al., 2004; Beausoleil et al., 2006) . For INSPECT, the search parameters were as follows: instrument = FT-Hybrid (mass tolerance = 100 ppm), maximum of two modifications per peptide, P value cutoff = 0.1. If several hits with a minimum probability of 0.1 were given out for the same spectrum (that only differed in their phosphorylation position), the phosphorylation site assignment was not accepted. Furthermore, none of the Tyr phosphorylation sites that were exclusively based on INSPECT assignments was accepted, because manual data interpretation suggested difficulties of INSPECT with pTyr phosphorylation site assignment (see "Results and Discussion"). All peptide assignments except those of contaminants were filtered for ambiguity, and the peptides matching to several proteins were excluded from further analysis. This does not apply to different splice variants of the same protein or to different loci sharing exactly the same sequence. After database upload, spectrum assignments to decoy database peptides and spectra for which MASCOT and INSPECT assigned to a different peptide were flagged. From the final data, PRIDE 2.1 XML files were created and exported to the PRIDE database. The spectrum false discovery rate was calculated by dividing the number of decoy database spectrum assignments by the number of spectrum assignments in the final data set. For all phosphorylated peptides listed in Table I , further manual spectra inspection was conducted by assigning the parent ion a 298-D neutral loss peak (the loss of phosphoric acid; Supplemental Spectra S1). Relative quantification of the ATPB phosphopeptide was achieved by SuperHirn , which aligns and normalizes two LC-MS runs and extracts and processes the area for the identified phosphopeptide peaks. We used SuperHirn version 0.3 from the command line on a Linux computer with the following parameters: MS1 m/z tolerance = 10 ppm, MS1 min tolerance = 1 min. For all other settings, we used default parameters using the MASCOT-generated search files.
MzXMLs were generated with readw-4.0.2. Analysis was performed in pairs of LC-MS runs for end of night and the corresponding end-of-day experiment.
GO Classification
Assignment of functional categories was based on the GO categories from aspect "cellular component" (download ATH_GO_GOSLIM.20080510.txt; Berardini et al., 2004) . Enrichment analysis of GO categories was done in R (version 2.6.1; http://www.r-project.org) using the "elim" method from the topGO package (version 1.5.1; Alexa et al., 2006) that is part of the Bioconductor project (version 2.1; http://www.bioconductor.org/). Node size was set to five, and Fisher's exact test was used for assessing GO term significance. Overrepresentation of functional categories was calculated for the identified phosphoproteins as compared with the proteins in the TAIR8 (for The Arabidopsis Information Resource) database.
Phosphorylation Motif Analysis Using Motif-X
We applied the Motif-X algorithm (Schwartz and Gygi, 2005) to extract significantly enriched phosphorylation motifs from our phosphopeptide data set. All phosphorylated peptides with confidently identified phosphorylation sites were used as the data set for phosphorylation motif extraction. To focus the motif analysis on the crucial kinase recognition sequence, the peptides were centered at the phosphorylated amino acid and aligned, including six positions upstream and downstream around the phosphorylation site (the necessary sequence context was retrieved from the TAIR8 database). In the case of C-and N-terminal peptides, the sequence was filled up with up to 13 amino acids with the required number of "X." X stands for "any amino acid." The probability threshold was set to P , 10 25 , and the occurrence threshold was set to 1% of the input data set at a minimum of three peptides. As the background data set, protein sequences of the whole genome Arabidopsis database TAIR8 in Fasta format were used (in a shortened version due to upload restrictions to 10 MB).
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Supplemental Spectra S1. MS/MS spectra for all identified chloroplast phosphopeptides.
